The radiation chemical yields of unaltered base release have been measured in three crystalline double-stranded DNA oligomers after X irradiation at 4 K. The yields of released bases are between 10 and 20% of the total free radical yields measured at 4 K. Using these numbers, we estimate that the yield of DNA strand breaks due to the direct effect is about 0.1 mol J -1 . The damage responsible for base release is independent of the base type (C, G, A or T) and is not scavenged by anthracycline drugs intercalated in the DNA. For these reasons, reactions initiated by the hydroxyl radical have been ruled out as the source of base release. Since the intercalated anthracycline scavenges electrons and holes completely but does not inhibit base release, the possibility for damage transfer from the bases to the sugars can also be ruled out. The results are consistent with a model in which primary radical cations formed directly on the sugar-phosphate backbone react by two competing pathways: deprotonation, which localizes the damage on the sugar, and hole tunneling, which transfers the damage to the base stack. Quantitative estimates indicate that these two processes are approximately equally efficient. ᭧
INTRODUCTION
The coexistence of two different pathways of radiation damage to DNA, one indirect and the other direct, has long been recognized. The indirect pathway primarily involves the reaction of DNA with water radiolysis products (1) , while the direct pathway originates primarily from the direct ionization of DNA. In dilute aqueous solutions of DNA, the contribution from the direct effect is small, while in cells both effects play a comparable role due to condensation of the DNA and the high hydroxyl radical scavenging capacity of the medium surrounding DNA (1, 2) . The distinction between direct and indirect becomes more difficult to define when considering the role of the waters of 1 Author to whom correspondence should be addressed.
hydration and the origin of the excess electrons that end up as electron-gain centers in DNA.
In general, the indirect effect is much better characterized, both quantitatively and mechanistically, than its direct counterpart. Most studies on the direct effect have been done using electron paramagnetic resonance (EPR) spectroscopy on amorphous DNA samples hydrated to various levels. A number of reviews have been published on these applications (3) (4) (5) . Fewer attempts have been made to analyze the stable chemical products of the direct damage (6) (7) (8) .
One of the key unresolved issues is the mechanism responsible for DNA strand breaks through the direct effect and its relative contribution to the overall damage caused by this pathway. It is well known that electron attachment to DNA in solution is not an appreciable source of DNA strand breaks (1) . Recently it was shown by various techniques that one-electron oxidation of guanine is not an efficient source of immediate DNA strand breaks (9) (10) (11) . However, the numerous EPR studies of the direct effect referenced above have identified the one-electron reduced pyrimidines (mostly cytosine) and one-electron oxidized guanine as the major sites of initial damage. If these are not efficient precursors for strand breaks, then what is?
We approach this problem using crystalline DNA oligomers as the target and unaltered base release as an approximate assay for the total free radical damage to the sugar-phosphate backbone. Base release has been shown to correlate closely with DNA strand breaks after an appropriate postirradiation heat treatment (12) . One advantage of using crystalline rather than amorphous DNA samples is that the structure and packing of DNA in these crystals is known precisely from crystallographic studies. The second advantage is that the microscopic homogeneity of the crystals ensures a better quantitative reproducibility. This advantage has been clearly demonstrated in the previous studies of free radical yields (13, 14) .
EXPERIMENTAL
The protocols used in crystallization of DNA oligomers, sample preparations, irradiation and free radical yield measurements have been described. Briefly, most samples consist of a small group of crystals, but in a few cases one single crystal provided sufficient mass. The X-ray source was a Varian/Eimac OEG-76 tube with tungsten target operating at 70 kV and 20 mA. Samples were irradiated at 4 K at a dose rate of 26 kGy/h. Some of the crystals were available from the previous studies (13, 14) .
The following abbreviations are used throughout in this paper: DNA 10 for a self-complementary d(GCACGCGTGC) oligomer crystallized in the presence of Co(NH 3 ) 6 3ϩ , DNA 6 for the d(CACGCG·GTGCGC) sequence, crystallized as a magnesium salt, and DNA 6 ·2D and DNA 6 ·2A for the intercalation complexes of the self-complementary d(CGATCG) hexamer with daunomycin and adriamycin, respectively. Cobalt appears to incorporate in the DNA 10 lattice as an impurity (the degree is variable), and it does not significantly influence the free radical distribution at 4 K (13). Both intercalation complexes, DNA 6 ·2D and DNA 6 ·2A, have effectively the same crystal structures. The latter two were a gift from the laboratory of Loren Williams at the Georgia Institute of Technology. The crystal structures for all three sequences are available from the literature: DNA 10 (15), DNA 6 (16), DNA 6 ·2D (17-19) and DNA 6 ·2A (18, 19) . All of the samples were warmed to room temperature after the 4 K irradiation and subsequently stored at ϳ-80ЊC. It is known from EPR measurements (Debije, personal communication) that warming to room temperature reduces the free radical concentration by an order of magnitude or more. For example, the ratio of radicals lost to radicals at 4 K is ϳ96% and ϳ100% in DNA 10 and DNA 6 ·2D, respectively.
For the base release assay, the irradiated crystals were dissolved in a 20 mM phosphate buffer (pH 6.8; 50 l per 100 g of the crystals) containing 1 M of 1-methylcytosine employed as an internal standard. The solutions were heated at 80ЊC for 15 min, chilled and analyzed by HPLC using a Phenomenex C 18 4.6 mm ϫ 250 mm ϫ 5-m column washed with 25 mM ammonium acetate at a flow rate of 1 ml min -1 and applying a 10% linear acetonitrile gradient over 20 min. The bases were detected and quantified by their absorbance by their absorbance at 254 nm.
RESULTS
Dose-response curves have been obtained for the release of all four DNA bases. A representative data set for the DNA 10 crystals is shown in Fig. 1 . The dose dependencies for the total release calculated from these and similar data for other sequences are shown in Fig. 2 . The linear portion of the dose-response curves, corresponding to doses below 20 kGy, was used to calculate the radiation chemical yields of the free bases reported in Table 1 . Figure 2 also includes a few data points available for the DNA 6 ·2D and DNA 6 ·2A crystals and the DNA 10 crystals partially dehydrated over P 2 O 5 where 10-20% of the total water was removed as measured by weight.
There are two problems to be addressed regarding the data presented above. The crystals employed in this study are all rich in cytosine and guanine, as are most of the oligonucleotides crystallized so far. In addition, there is a lower level of impurities eluted with the retention times close to those of C and G compared to T and A. These two factors make quantification of C and G generally more accurate.
Comparison of the yields in the crystals with similar data for hydrated DNA irradiated at room temperature (7) clearly reveals at least two major differences. First, in the crystals, the bases are released in proportions that closely match their abundance in the oligonucleotides. This is in contrast to hydrated DNA, where the relative amount of guanine released is much lower than would be predicted from the relative guanine content. The same phenomenon occurs with aqueous solutions of DNA (12, 20) . Second, the base release in crystalline DNA is surprisingly insensitive to the presence of anthracycline intercalators even at the loading of one intercalator per three base pairs. This result is quite remarkable since intercalated anthracyclines completely suppress the production of both electron-gain and electronloss centers on DNA bases even at 4 K (21). Finally, partial dehydration of the DNA 10 crystals does not have any significant impact on the yields of base release. These features emphasize the distinction between the direct and indirect effects and will be discussed below.
DISCUSSION
It is widely accepted that the majority of DNA lesions induced by ionizing radiation have a free radical origin (1). In crystalline DNA irradiated at 4 K, most of the free radical chemistry occurs either during irradiation or upon warming. For example, the DNA 10 crystals irradiated at 4 K lose 94% of their initial free radical population upon annealing to room temperature (Debije, personal communication). Therefore, most free radical reactions occur in the solid state, and those that occur during dissolution of the crystals are not likely to play more than a minor role in our experiments. We also note that all the key reactions leading to DNA strand breakage and base release in anoxic solutions either are unimolecular or require water as a second reactant (22) . Therefore, these reactions could take place in crystals as well since the DNA in crystals is hydrated (see below).
Numerous studies have shown [for a recent review, see ref. (22) ] that immediate precursors for unaltered base release from DNA are radicals localized on the sugar-phosphate backbone. The major point of the following discussion is to identify the mechanism of backbone radical formation through the direct effect, and its relative contribution to the overall mechanism of radiation damage to crystalline DNA.
The mechanism for unaltered base release through the indirect effect in aqueous solution is fairly well established (1, 22) . The first step in this process involves chemical alteration of the deoxyribose moiety through hydrogen abstraction from the sugar by hydroxyl radicals. The glycosylic bond of the altered site is no longer stable and the base is released, typically along with a strand break. The presence of molecular oxygen changes the reaction mechanism but not the final outcome with respect to base release (22) .
A rare exception to this scheme is hydrogen abstraction from the C4Ј position of deoxyguanosine units which can result in a strand break without an immediate base release. The C4Ј sugar radical undergoes fast ␤ elimination of the 3Ј phosphate to form an enol-ether radical cation (23) . This intermediate is capable of oxidizing adjacent guanines through intramolecular electron transfer-the process that transfers the damage from the sugar to the base and prevents the release of free base (24) . The oxidation potentials of the other three bases are too high to make this process competitive with other reaction pathways. This would explain why the yield of unaltered guanine is always reduced relative to the other bases in DNA solutions (12, 20) and in hydrated DNA irradiated at room temperature (7) .
Base release from the crystals does not match the picture just described; the effect appears to be random, that is, without selectivity for any base. Moreover, the presence of intercalated anthracyclines in the DNA 6 ·2(anthracycline) complexes has little impact on base release. This takes place despite the ability of the anthracyclines to act as efficient OH radical scavengers due to the presence of both hydroquinone and aminosugar moieties in their structure. Partial dehydration of the DNA 10 crystals also does not affect the base release. The dehydration presumably removes the loosely bound water, which is the water expected to be the most important source of hydroxyl radicals (25, 26) . Therefore, base release in DNA crystals is not consistent with hydroxyl radical attack on DNA, and alternative mechanisms need to be considered.
The alternative to hydrogen abstraction by hydroxyl radicals could be a free valence transfer from the base radicals to the sugar, leading to a sugar radical and subsequent base release. The involvement of such a process in DNA radiation chemistry has been discussed in the literature. A wellestablished example in model systems is represented by deoxycytidine, where deprotonation of the base-centered radical cation at the C1Ј site leads to the C1Ј-centered deoxycytidine sugar radical (27) . However, our results obtained with anthracycline-doped crystals clearly indicate that DNA base radicals are not, to a substantial degree, precursors to base release.
The dihydroxyanthraquinone moiety of both anthracyclines intercalates into the base stack and acts as an efficient scavenger for both electrons and holes in DNA. EPR studies have shown that, at the doping levels existing in these crystals, all excess electrons and holes in DNA transfer to the intercalators even at 4 K (21). The products of both electron and hole scavenging are relatively unreactive semiquinone radicals. Therefore, these dopants would suppress base release from the crystals if base radicals were involved in this process. But the data shown in Fig. 2 indicate that this is not the case.
The mechanism of base release in the crystals which best accounts for our findings is the formation of the sugar radicals through direct ionization of the deoxyribose moieties that takes place in parallel with ionization of the bases. The primary radical cation located on the sugar is then involved in two competitive processes: One is intra-and intermolecular hole transfer to the more oxidizable bases, and the other is deprotonation leading to a neutral sugar radical. Both pathways are expected to be very fast, though their relative rates are not known. However, the relative probability for initial ionization of sugar can be estimated from the electron density distribution of DNA. The deoxyribose moiety contains 93 electrons (including phosphate), while 439 BASE RELEASE IN CRYSTALLINE DNA the average number of electrons on a DNA base is 66.75 (65 on thymine, 57 on cytosine, 69 on adenine, and 76 on guanine). Therefore, 58% of the primary radical cations should be localized on the sugar-phosphate backbone. In addition, ionization generates free electrons, which also contribute to the measurable free radical population by forming radical anions on the bases. Considering this and assuming that one radical anion is trapped per radical cation, the upper limit for radicals on the backbone should be reduced by a factor of 2. This means that the backbonecentered radical cations comprise about 29% of the total free radical population. In fact, this value may be higher, since the neutral sugar radicals appear to be less prone to recombine with the electrons than the charged electron-loss centers on the bases and therefore have more chance to survive the geminate electron-hole recombination (28) .
By comparing the upper limit of 29% with the free radical yields at 4 K and the free base yields, the relative efficiencies of hole transfer to the bases compared to deprotonation of the sugar radical cation can be estimated. The amount of total base release relative to total radical yield at 4 K [which is 0.57 mol J -1 for DNA 10 and 0.61 mol J -1 for DNA 6 (14) ] is therefore 19% for the DNA 10 and 10% for the DNA 6 crystals. Under the assumption that each sugar radical trapped at 4 K produces a strand break and a free base on subsequent sample processing, these correspond to 66 and 34%, respectively, of the upper limit (i.e. 19/29 and 10/29). This indicates that deprotonation of the sugar radical cation and hole transfer to the bases are approximately equally efficient processes.
The direct effect is therefore viewed as producing a set of neutral sugar radicals due to the net loss of a hydrogen atom from any of the five carbons. These radicals, centered at C1Ј, C2Ј, C3Ј, C4Ј and C5Ј, are structurally equivalent to those produced by the indirect effect (abstraction by the hydroxyl radical). One might expect that the effect of guanine, discussed above for the indirect effect, would also be observed for the direct effect. That is, hole transfer to guanine should compete with base elimination via radical cation intermediates that are formed on the guanine deoxyriboside and reduce the release of unaltered guanine comparatively to the other bases.
In fact, this ''protection'' afforded by guanine may occur for the direct effect as well. However, it would remain undetected in our experiments due to expected differences in hydrogen-abstraction distribution. For the indirect effect, solvent accessibility dictates that hydrogen abstraction by hydroxyl radicals is primarily from C4Ј and C5Ј (29, 30) . For the direct effect, the distribution will be governed by other factors such as local electron densities (as described further below) and these factors are not likely to favor hydrogen abstraction from C4Ј to the extent found for hydroxyl radical attack.
For sugar radicals produced by direct ionization and subsequent deprotonation, it is instructive to make a rough estimate of the distribution that would be expected using a simple set of assumptions. We assume that the probability of ionization corresponds to local electron densities and that deprotonation occurs at the closest C-H bond. We ignore factors such as resonance stabilization, torsion angle between the lone-electron orbital and the C-H bond, and lattice effects. As an example, the phosphate group contains 52% of the sugar-phosphate electrons. Given two hydrogens on C5Ј and one on C3Ј, deprotonation from the phosphate radical cation is assumed to favor C5Ј over C3Ј by 2 to 1. Electron loss from the lactone oxygen is assumed to result in deprotonation of C1Ј and C4Ј with equal probability. These probabilities are added to those obtained from the number of electrons at each carbon site and adjacent noncarbon atoms. We ignore the contribution of the base completely. This gives a distribution estimate of 43% at C5Ј, 12% at C4Ј, 24% at C3Ј, 9% at C2Ј, and 12% at C1Ј. The point is that the fraction of C4Ј radicals, produced by direct ionization, is expected to be relatively small. Therefore, any corresponding reduction in guanine release would be small and not detected by the experiments reported here.
There are a few additional points that need consideration. First, our estimate of the distribution of radical trapping sites does not include the waters of hydration and counterions, which also undergo ionizations. The hydration state of the crystals employed in this study is not known exactly because many of the water molecules and the counterions are disordered. Yet their effect can be significant since the fraction of the electron density in the water for ⌫ ϭ 14 (as calculated for DNA 10 using computer modeling) and sodium as a counterion is about 50% of the total (152 electrons in the water ϩ sodium compared to 158.7 electrons per nucleotide). Water location is also important. The H 2 O ϩ• radical cations generated from tightly bound water are expected to transfer holes to the DNA faster than they deprotonate to form the hydroxyl radical, while deprotonation can dominate for loosely bound waters (25, 26, 31) . The H 2 O ϩ• species can oxidize both the sugars and the bases; the former is favored by the shorter electron tunneling distances while the latter is favored energetically. Depending on which of the processes dominates, the waters of hydration may increase or decrease the fraction of the sugar radicals calculated for the ''dry'' crystals. Although the available data are too limited to draw firm conclusions, the results do raise the possibility that the hydration layer influences the damage distribution. For example, the lower fraction of the base release compared to the free radical yield found in DNA 6 crystals (10% in DNA 6 compared to 19% in DNA 10 ) could be a result of its lower hydration state (⌫ ϭ 8.4 in DNA 6 compared to ⌫ ϭ 14 in DNA 10 ). This observation is consistent with the water-centered holes transferring predominantly to the sugars rather than to the bases.
The second point is that if the sugar radicals are produced in DNA crystals, why are they not seen by EPR? It has been pointed out previously that EPR studies do not in fact rule out the formation of sugar-centered radicals by direct ionization of DNA (32, 33) . A detailed discussion of this issue can be found in a paper by Close (34) that addresses this problem by means of computer simulations. The answer to the question above is that if several types of sugar radicals are present in an amount less than about 20% of the total radical population, they appear as broad, lowintensity and almost structureless features, partially in the wings and partially underneath the narrower EPR spectra of the base radicals. These features are hard to identify and quantify. Nevertheless, such features are known in EPR spectra of X-irradiated amorphous DNA samples (35) , and especially in those irradiated with very high doses of high-LET radiation (28, 36) , where they have been attributed to sugar radicals. One characteristic feature of this signal is that it is less prone to dose saturation compared to the base radicals for the reason mentioned above (28) . Because of that, the contribution of the ''sugar'' signal to the overall spectrum grows with dose and LET.
It is noteworthy that dose responses for base release from DNA crystals and for free radical accumulation in the same crystals remain linear up to doses of about 10 kGy. Above 10 kGy, free radical accumulation deviates from linear as the radical concentration begins to saturate (13) ; in contrast, base release remains almost linear up to 40 kGy. This observation indicates once again that the easy-to-saturate base radicals are unlikely to be the precursors for base release, and it is consistent with the sugar radicals being the precursors.
Based on the assumptions discussed above, the yield of free base release from crystalline DNA can be used to estimate the yield of strand breaks in DNA in vivo. The free radical yields at 4 K are 0.57 mol J -1 for DNA 10 and 0.61 mol J -1 for DNA 6 (14) . Multiplying these by 19% and 10%, respectively, gives expected strand break yields of 0.12 and 0.06 mol J -1 . These values are remarkably close to the value of 0.2 mol J -1 that was estimated by Milligan and coworkers from measurements of strand breaks in plasmids as a function of scavenger concentration (37) .
CONCLUSIONS
We conclude that direct ionization of the sugar-phosphate backbone is followed by deprotonation of the primary radical cation and that deprotonation of the sugar radical cation competes (occurs in parallel) with hole transfer to the bases. Quantitative measurements indicate that 10 to 20% of the free radicals trapped in the crystals at 4 K are precursors to base release. Using these numbers, we estimate the yield of DNA strand breaks from the direct effect to be ϳ0.1 mol J -1 .
